Purpose of Review To highlight pathways important for the development of autoimmune diabetes by investigating shared mechanisms of disease in polygenic and monogenic diabetes. Recent Findings Genome-wide association studies have identified 57 genetic risk loci for type 1 diabetes. Progress has been made in unravelling the mechanistic effects of some of these variants, providing key insights into the pathogenesis of type 1 diabetes. Seven monogenic disorders have also been described where diabetes features as part of an autoimmune syndrome. Studying these genes in relation to polygenic risk loci provides a unique opportunity to dissect pathways important for the development of immune-mediated diabetes. Summary Monogenic autoimmune diabetes can result from the dysregulation of multiple pathways suggesting that small effects on many immune processes are required to drive the autoimmune attack on pancreatic beta cells in polygenic type 1 diabetes. A breakdown in central and peripheral immune tolerance is a common theme in the genetic mechanisms of both monogenic and polygenic disease which highlights the importance of these checkpoints in the development and treatment of islet autoimmunity.
Introduction
Type 1 diabetes (T1D) is a complex disease that arises in the context of genetic risk and environmental triggers. Together, these alter immune pathways, resulting in the destruction of insulin-producing pancreatic beta cells. Despite the recognition of an autoimmune aetiology in T1D over 40 years ago [1] , knowledge of the triggers and underlying mechanisms of T1D remain incomplete. Efforts to elucidate the cellular pathology of T1D in humans have been hampered by a limited ability to access human pancreatic tissue for direct examination and the immunologic and clinical heterogeneity of the disease.
Genetic variation at the HLA region on chromosome 6p21 confers the greatest polygenic risk for the development of T1D. A further 56 non-HLA loci have also been identified but these confer a lower risk for development of the disease [2••, 3] . Many of these genetic loci are associated with additional autoimmune diseases (Table 1) , including specific HLA alleles ( Table 2) . Seven monogenic conditions are also known to cause autoimmune diabetes that is clinically indistinguishable from T1D. In these patients, diabetes usually presents as part of a syndrome of multiple autoimmunity [9] .
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A Breach in Immune Tolerance Is Key to the Development of Autoimmunity

Loss of Central Tolerance
Central tolerance is the process of removing self-reactive T or B cells during their development thus preventing them from targeting normal tissues in the periphery [10] . This process occurs in the thymus for T cells and requires that the T cell receptor (TCR) of a developing T cell is able to bind human leukocyte antigen (HLA) molecules (those reacting to class I HLA go on to form CD8+ T cells, while class II form CD4+ T cells), while limiting the development of T cells with receptors that bind self-peptides in the context of HLA with high affinity.
When central tolerance fails, autoimmunity can arise through the release and subsequent action of self-reactive T cells.
Loss of Central Tolerance in Monogenic Disease
The Autoimmune Regulator gene, AIRE, regulates the ectopic expression of self-peptides within the thymus in order to expose naïve T cells to these peptides during development [11] . Loss of function mutations in AIRE (either recessive or dominantly inherited) cause autoimmune polyendocrine syndrome type 1 (APS1, also known as autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy, APECED) by reducing or removing this function of AIRE in the thymus [12] . This allows high affinity autoreactive T cells to escape the thymus. Clinically, APS1 is highly variable but is usually characterised by chronic mucocutaneous candidiasis, adrenal insufficiency and autoimmune hypoparathyroidism. Approximately 13% of individuals develop autoimmune diabetes by 30 years of age [13] .
T1D Genetic Risk Loci Involved in Central Tolerance
Variation in the insulin gene (INS) is linked to the development of T1D and is thought to result in a failure of central tolerance. The T1D-associated polymorphic variant is considered to be a variable number of tandem repeats (VNTR), located in the promoter of the INS gene to which AIRE binds, regulating INS RNA expression in the thymus [14] [15] [16] [17] [18] [19] . VNTR variants of smaller size (class I VNTRs) are associated with increased T1D risk and lower INS mRNA expression in the thymus, allowing escape of insulin autoreactive CD4 T cells into the periphery during T cell development due to fewer insulin peptide-HLA class II interactions. Conversely, insulin autoreactive T cells are predicted to be deleted in individuals carrying the protective INS variants (Class III VNTRs) which drives higher levels of INS expression in the thymus [16] . In keeping with a failure in central tolerance, insulin autoreactive CD4 T cells are present at a higher frequency in the peripheral blood of T1D subjects carrying the INS susceptibility variants, whereas individuals with protective alleles have barely detectable levels of insulin autoreactive CD4 T cells [20] .
A failure in central tolerance may also contribute to the association of HLA class II genes to T1D. Although the mechanism is not completely understood, evidence points to low affinity interactions between class II DQ8 molecules and islet peptides, which may result in failed deletion of islet autoreactive CD4 T cells [21, 22] . Another T1D-associated gene, PTPN22, has been linked with failures in both central and peripheral tolerance of T and B cells [23, 24] . A failure of B cell tolerance may be due in part to altered B cell receptor signalling in the presence of the risk variant p.R620W in PTPN22, allowing autoreactive B cells to escape central and peripheral tolerance checkpoints [25] . Although T1D is considered a T cell-mediated disease, B cell pancreatic infiltrate is present in many childhood onset T1D cases [26, 27] and anti-CD20 B cell depleting therapy temporarily slowed disease progression in established T1D [28] , indicating a role for B cells in T1D pathogenesis.
Reduced Peripheral Tolerance
Central tolerance is an imperfect process, and as such peripheral tolerance exists to regulate self-reactive cells that escape thymic negative selection. Regulatory T cells (Tregs), a specialised subset of CD4+ T cells, are critical for peripheral tolerance [29, 30] . Tregs suppress conventional T cell (CD8+ and CD4+) activation, proliferation and cytokine production after an immune response to prevent collateral damage to tissues once a pathogen has been removed. There is also growing evidence supporting suppression of B and dendritic cells by Tregs [31, 32] .
Reduced Peripheral Tolerance in Monogenic Disease
Reduced function or number of Tregs has been implicated in the disease mechanism of several monogenic autoimmune disorders. Immunodysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome highlights the requirement of Tregs to restrain autoimmunity. IPEX syndrome, which often proves fatal in early life, results from hemizygous mutations in the FOXP3 gene, a key regulator of Treg development [33] . The syndrome typically presents in the neonatal period, with > 90% of affected boys having severe protein losing enteropathy and~80% developing autoimmune diabetes. Additional autoimmune diseases can develop including severe atopic dermatitis (70%) and autoimmune hypothyroidism (35%) [34] .
Individuals with recessively inherited IL2RA mutations develop immunodeficiency 31C syndrome [35] , which is similar to IPEX syndrome (enteropathy, hypothyroidism and severe eczema) and can include neonatal-onset autoimmune diabetes [36] . IL2RA encodes CD25, a subunit of the IL-2 receptor which is constitutively and highly expressed on regulatory T cells facilitating their recruitment and suppressive ability. IL-2 is a key signalling molecule involved in regulating the immune system and induces FOXP3 expression; therefore, loss of the IL-2 receptor on T cells reduces FOXP3 expression and Treg development [37] . As in IPEX, mutations that lead to a loss of CD25 expression result in a reduced Treg compartment, promoting autoimmunity through the failure of peripheral tolerance [38] .
Heterozygous mutations in CTLA4 cause autoimmune lymphoproliferative syndrome which can include autoimmune diabetes [39] [40] [41] . CTLA4 is constitutively expressed by Tregs and can also be expressed by CD4+ and CD8+ effector T cells where it functions as a potent suppressive receptor molecule, by preventing co-activation of T effector cells via CD28 [42] . It mediates inhibition in effector T cells by competing with CD28 for binding to CD80/CD86 on antigen presenting cells (APC) but may also inhibit T cell receptor signalling [31, 43, 44] . Tregs from individuals with dominantly inherited CTLA4 mutations show reduced expression of CTLA4, FOXP3 and IL2RA [39] .
Recessively inherited mutations in LRBA cause common variable immunodeficiency-8 (CVID8) with autoimmunity [45] . This includes extremely young onset of haematological autoimmune disorders (80%), enteropathy (70%) and autoimmune diabetes (30%) [46] . LRBA plays an essential role in the posttranslational regulation and trafficking of CTLA4 (see above), whereby it prevents lysosomal degradation of CTLA4 containing vesicles [47•] . Interestingly, studies have identified six individuals with LRBA mutations who had a reduced number of Tregs [48] and an individual with normal cell-surface CTLA4 expression [49] . In the latter patient, there was increased Th17 cell activity (measured by IL-17 production) suggesting that the disease could also be mediated through effector cells.
Gain of function (GOF) mutations in STAT3, which links extracellular cytokine signals to gene expression, cause infancy-onset multiple autoimmune disease [50] . These mutations cause haematological autoimmune disorders (70%), enteropathies (50%) and autoimmune diabetes in~30% of individuals which often presents in the neonatal period. Some patients present with similar features to autoimmune lymphoproliferative syndrome (ALPS) [51, 52] . STAT3 is involved in multiple signalling pathways that influence the fate of CD4 T cells, enhancing development of Th17 and T follicular helper cells, while blocking the development and survival of regulatory T cells. Tregs are numerically and functionally reduced in most individuals with GOF STAT3 mutations, while Th17 cells may be normal, reduced or increased [53] .
T1D Genetic Risk Loci Involved in Peripheral Tolerance
Genetic variants in genes that function in the IL-2 pathway are associated with T1D, including IL2RA (described above) and PTPN2 which encodes a non-receptor tyrosine phosphatase that regulates IL-2 signalling [2••, 54, 55] . The most highly associated IL2RA single nucleotide polymorphism (SNP), rs61839660, is non-coding and located in an enhancer region in intron 1 of the gene. The enhancer binds multiple transcription factors and interacts with other regulatory elements in the locus in primary CD4 T cells, but only in response to T cell stimulation [56••] . The presence of the T1D risk allele at the enhancer resulted in enhanced CD25 (IL2RA) upregulation in CD4 conventional T cells but not Tregs in a knock-in mouse model [56••] , indicating that this SNP primarily impacts CD4 conventional T cells.
Alternatively, several other IL2RA SNPs have been associated with decreased CD25 expression on CD4 conventional T cells and Tregs, and increased levels of soluble CD25 with the risk alleles, revealing the complexity of the IL2RA locus [57] [58] [59] . Functionally, this correlates with reduced IL-2 signalling and diminished Treg fitness and suppressive function [58, 59] . The T1D-associated SNPs in the PTPN2 gene are also non-coding and have been correlated with decreased PTPN2 RNA levels and reduced IL-2 signalling in genotyped healthy control subjects and longstanding T1D patients [60, 61] . The PTPN2 T1D risk allele was also associated with decreased FOXP3 expression in activated CD4 T cells [60] . The effects of these IL2RA and PTPN2 T1D risk alleles on IL-2 signalling are independent but additive, both potentially contributing to reduced peripheral tolerance through effects on Tregs [58] . An additional T1Dassociated SNP is located in the IL2-IL21 intergenic region, although the impact of this SNP has not been evaluated yet [2••] .
A non-coding SNP rs3087243 located 3′ of the CTLA4 gene has been associated with T1D, as well as other autoimmune diseases [2••] (Table 1) . How the CTLA4 rs3087243 SNP affects CTLA4 function is not completely understood. Initial studies indicated that the rs3087243 variant affected CTLA4 alternative splicing, resulting in lower levels of a soluble CTLA4 isoform in CD4 T cells carrying the T1D susceptibility allele [62] . However, this finding was not replicated in a subsequent study [63] . More recently the rs3087243 SNP was shown to be in high linkage disequilibrium with an (AT) n dinucleotide repeat in the 3′ untranslated region of CTLA4, with the T1D susceptibility allele associated with longer (AT) n repeat length compared with the non-risk allele [64] . Human islet autoreactive T cell lines with longer (AT) n repeats expressed lower levels of CTLA4 RNA and protein relative to T cell lines with shorter repeats, and longer (AT) n repeats destabilised a GFP reporter expressed in Jurkat T cells [64] . Confirmation of these findings in rs3087243 genotyped peripheral blood CD4 T cells and elucidation of corresponding functional phenotypes will clarify the mechanism of the T1D association with CTLA4.
Defects in Interferon Signalling Pathways
Interferons (IFNs) are cytokines released by mononuclear cells in response to the presence of pathogens and tumours that modulate the immune system. They have a role in the regulation of immune responses, activating natural killer cells and macrophages and upregulating antigen presentation by HLA molecules [65] . Type 1 IFNs (IFN-1) are central to the anti-viral response, yet the presence of an IFN signature is well described in multiple autoimmune diseases including T1D [66, 67] . Perturbed IFN signalling is associated with systemic lupus erythematosus, a systemic autoimmune condition directed against ubiquitous proteins such as those within the cell nucleus [68] . Indeed, an IFN signature consisting of expression levels of type 1 IFN-responsive genes correlates with the severity of disease in SLE [69] . The mechanistic role of IFN signalling in the induction of organ specific autoimmunity such as T1D remains unclear although evidence is mounting that they may induce increased autoantigen presentation by islet cells and thus increase recognition and activation of effector T cells [70] . Studies on deceased T1D patients' pancreata have shown increased expression of IFN alpha [71, 72] ; however, whether this was secondary to, for example, viral infection of the islets, remains unknown. The role of IFNs in organ specific autoimmunity is further supported by the triggering of autoimmune disease, including diabetes, in patients undergoing interferon treatment for malignancies [73, 74] .
Defects in IFN Signalling in Monogenic Disease
Patients with dominant GOF mutations in STAT1 present with chronic mucocutaneous candidiasis and lower respiratory tract infections with a subset of patients developing severe organspecific autoimmunity including T1D (4% of patients) [75] . STAT1 responds to multiple cytokines to translate extracellular signals to gene transcription. IFN alpha induces the transcription of numerous targets via the JAK-STAT pathway increasing the proliferation of immune cells, as well as augmenting other immune processes such as antibody production. Increased activity of STAT1, as a result of impaired nuclear de-phosphorylation, is proposed to lead to autoimmunity by increasing IFN alpha signalling.
T1D Genetic Risk Loci Involved in IFN Signalling
Two coding variants in genes within the interferons pathway, IFIH1 A946T and TYK2 P1104A, support a role of IFN-1 in the development of T1D [2••, 76] . IFIH1 (interferon-induced helicase C-domain-containing protein 1, also known as MDA5) is a component of the innate response to RNA viruses. Upon recognition of double-stranded RNA, IFIH1 undergoes a conformational change that result in a series of signalling events leading to transcription of genes encoding IFN-1 and interferon-stimulated genes (ISGs). Rare GOF missense mutations in IFIH1 are described which result in interferonopathies [77] . A rare loss of function mutation in the IFIH1 gene is associated with protection from T1D [78] . The common variant rs1990760, a nonsynonymous coding variant in IFIH1(A946T), is associated with risk for T1D [76] as well as other autoimmune diseases including SLE [79] . This variant results in enhanced basal expression of IFN-1 and improved response to viral challenge indicating that the IFIH1 risk variant 946T is a gain-of-function variant that is triggered by RNA self-ligands as well as viral infection [80] . This variant has likely been selected in the population as it provides an advantage in the setting of viral infection, despite the fact that it also promotes the risk of autoimmunity.
TYK2 encodes a JAK family kinase that functions to mediate proximal IFN-1-, IL-12-and IL-23-dependent signals [81, 82] . TYK2 deficient patients exhibit susceptibility to viral infections and impairment in cellular responses to IFN-1, as well as mycobacterial infections consistent with an impaired response to IL-12 and IL-23. A missense change within the kinase domain of TYK2, with substitution of alanine for a conserved proline (TYK2-P1104A) is associated with a lack of catalytic activity and protection for T1D [2••, 83] . The protective TYK2 1104A allele results in impaired cellular responses to IFN-1, IL-12 and IL-23 and notably leads to a decrease in the induction of experimental autoimmune encephalomyelitis in murine models and a striking decrease in IL-17/IFN-γ positive CD4 T cells [83, 84] . In humans carrying the TYK2-1104A allele, IFN-1 receptor signalling is decreased, and alterations in memory B cell populations and a decrease in Tfh cells are seen in the peripheral blood [84, 85] . Similar to TYK2 deficient patients, individuals homozygous for the TYK2 1104A variant have an increased frequency of tuberculosis [83] . The incidence of the TYK2 1104A allele has decreased over the past 4000 years in Europeans, consistent with negative selection of this allele by tuberculosis infection [83] . Thus, the T1D risk allele TYK2 P1104 is increasing in frequency in European populations. Taken together, these studies suggest that alterations in IFN signalling in T1D may play a role in disease, but in the case of the TYK2 variant, this is in the broader context of other cytokine responses.
Conclusions
The finding that monogenic autoimmune disease can result from the dysregulation of multiple immune pathways suggests that small effects on multiple processes may be required to drive the autoimmune attack on pancreatic beta cells in polygenic T1D. A common theme in the genetic pathways identified in diabetes and other autoimmunity is the breakdown of immune tolerance; however, the part of the pathway perturbed can be different.
Monogenic disorders include those which disrupt central tolerance (AIRE), or impact the development (FOXP3, STAT3) or function (IL2RA, LRBA, CTLA4) of regulatory T cells required for the maintenance of peripheral tolerance. The risk alleles identified by genome-wide association studies mirror this, with effects on the ectopic expression of insulin, reducing central tolerance (e.g. INS VNTR), and reduced expression of genes essential for the maintenance of peripheral tolerance also identified (e.g. IL2RA, PTPN2, CTLA4).
Defects in interferon signalling are increasingly recognised as being involved in multiple autoimmune diseases. While diabetes is a rare feature of monogenic interferonopathies, two loci within the IFN pathway (IFIH-1 and TYK2) have been robustly associated with polygenic T1D. Furthermore, the presence of an IFN signature in some patients with T1D, increased expression of IFN in pancreata from deceased T1D patients and mounting evidence of viral involvement in some T1D cases highlight that defects in IFN signalling may be an important contributor to the pathophysiology of T1D. Further molecular characterisation of the mechanisms by which common risk loci that impart risk for T1D and of genes causing monogenic autoimmunity will be the key to detecting the pathways that underlie this shared aetiology. 
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